Nuclear spins are an important source of dephasing for electron spin qubits in GaAs quantum dots. Most studies of their dynamics have focused on the relatively slow longitudinal polarization. We show, based on a semiclassical model and experimentally, that the dynamics of the transverse hyperfine field can be probed by correlating individual Landau-Zener sweeps across the S-T+ transition of a two-electron spin qubit. The relative Larmor precession of different nuclear spin species leads to oscillations in these correlations, whose decay arises from dephasing of the nuclei. In the presence of spin orbit coupling, oscillations with the absolute Larmor frequencies whose amplitude reflects the spin orbit coupling strength are expected.
Electron spins in semiconductor quantum dots have been studied much as a platform for quantum information processing. While at first it was envisioned to use single electron spins as qubits [1] , it is also possible to encode a qubit in several electron spins. The experimentally most established approach is to use the singlet state S and the m = 0 triplet state, T 0 , of two electrons in a double quantum dot (DQD). Alternatively, it was proposed [2] to replace T 0 with the m = 1 state, T + . Coherent oscillations between these two states were observed using Landau-Zener-Stückelberg interferometry [2] , and pulse sequences to control this type of qubit have been constructed [2] [3] [4] . The transition between S and T 0 is a narrow avoided crossing mediated by perpendicular effective magnetic fields arising from nuclear spins and spin orbit (SO) coupling [5] . It is thus important to understand the quantum dynamics of transitions between these two states, which, as we show here, are strongly affected by the precession of the nuclear spins in the external field. Nuclear spin effects are especially prominent in GaAs-based quantum dots, currently the most developed material system available for gated semiconductor quantum dots.
In addition to qubit control, the S-T + transition can be used to transfer angular momentum from the electronic system to the nuclear spins. The resulting dynamic nuclear polarization (DNP) has been instrumental in reducing dephasing [6] and achieving universal control [7] of S-T 0 qubits. Periodically traversing the crossing can be used to polarize the nuclear spins and even to suppress fluctuations via a feedback loop. Such nuclear spin control is useful for both gate defined and self assembled quantum dots [8] [9] [10] . In gated dots, the performance of such DNP schemes is currently limited by a low spin transfer probability from electrons to nuclei [6] , which is poorly understood. It was observed that the electron spin flip rate exceeds the nuclear polarization rate, which may result from an additional SO spin flip channel [11] [12] [13] [14] . Probing the transitions between S and T + states and the role of SO coupling is thus also relevant for understanding the limitations of DNP methods.
Here, we present a measurement technique that probes the dynamics of the matrix element driving transitions between S and T + . Direct measurements of the Overhauser field have previously been used to probe fluctuations of its component parallel to the external magnetic field [6, 15] . However, the transverse part that drives the oscillations between S and T + exhibits faster dynamics that are harder to access. Our approach is based on correlating the outcomes of subsequent individual single shot measurements of the qubit state after Landau-Zener (LZ) transitions similar to [16] . After each LZ sweep, the state of the qubit is measured. From this data, the autocorrelation of single shot measurements is computed as a function of the time delay between them. The time resolution is only limited by the accuracy of pulse timing, but not by the required averaging time.
We will show in the following that these correlations reveal the relative nuclear spin Larmor precession and dephasing of these precessions on a µs scale. In the presence of SO coupling, the oscillations would exhibit additional frequency components. Therefore, the method can provide direct, qualitative and quantitative evidence for SO coupling. We also present proof of principle experimental results. They show nuclear spin effects but no SO coupling. We also point out that averaging the LZ transition probability over nuclear spin configurations leads to an algebraic instead of exponential dependence on the sweep rate. A SO component of the transition matrix element is not subject to this averaging and accordingly leads to more exponential behavior.
The two-electron spin qubits considered here consist of two electrons trapped in a double-well potential as seen in Fig. 1 electronic Hamiltonian can be found in [5] . In the following we provide a qualitative summary. The qubit is controlled via the detuning, ε, defined as the energy difference between the lowest (1, 1) and (0, 2) charge configuration, where the numbers indicate the occupancy of each dot. Positive detuning favors double occupation of one dot in the singlet state, while at negative detuning the electrons are separated. The resulting level diagram as a function of ε is shown in Fig. 1(b) . The singlet states exhibit an avoided crossing with tunnel coupling τ . Due to the Pauli principle, the triplet states |T + , |T − and |T 0 with magnetic quantum numbers m = ±1, 0 always stay in the (1, 1) configuration and are energetically separated by the Zeeman energy in an external magnetic field B ext . This setting allows fast electric singlet initialization and single shot readout that distinguishes singlet and triplet states via spin to charge conversion [15] , independent of which triplet is used.
The focus of this Letter is the S-T + degeneracy point (called S-T + transition), where transitions between these states are possible. A convenient way to probe this narrow crossing is to employ LZ sweeps, i.e., linear sweeps across the transition as illustrated in Fig. 1 (b) that do not require precise knowledge of the position of the transition. For a sufficiently small sweep range, the other states can be neglected. We use an effective Hamiltonian in the basis {|S * (ε) , |T + }, where |S * (ε) = cos ψ|S (1, 1) + sin ψ|S (0, 2) is the hybridized singlet close to the crossing:
where σ x and σ z are Pauli matrices. We use units of energy for all electronic Zeeman fields, thus setting gµ B = 1. The parameters are the exchange splitting J = E S * − E T0 and the coupling
The singlet mixing angle, ψ, at the transition sets the weight of the effective SO field B SO , which couples |S (0, 2) and |T + , and the difference in transverse hyperfine fields ∆B
between the dots, which couples |S (1, 1) and |T + [5] . The mixing angle depends on τ and indirectly on B ext via the position of the transition. For J = αt, where α is the sweep rate and a sweep from −∞ to ∞, the probability that an initial singlet stays in a singlet is given by 17, 18] . In this work, we assume B ext ≪ τ so that cos ψ ≈ 1 and sin ψ ≪ 1 at the transition. B SO = 4τ 3 l lSO depends the inter-dot distance l ≈ 200 nm and the SO length l SO [5] . Therefore the effective field from SO coupling is expected to be static with a value on the order of B SO ∼ 100 mT. For two million unit cells in each dot [19] , ∆B ⊥ nuc
is on the order of 4 mT. Thus even a suppressed SO coupling could approach the expected Overhauser field. We introduce the overall SO contribution to ∆, Ω = B SO sin ψ. In the regime of interest here,
The dynamical effects considered here originate in the time dependence of ∆ via ∆B ⊥ nuc , which arises from the interactions of each electron spin with on the order of 10 6 nuclear spins. As illustrated in Fig. 1(c) , ∆B ⊥ nuc is a vector sum of contributions from the three isotopes present in GaAs, 69 Ga, 71 Ga and 75 As, all with nuclear spin 3 /2. Following earlier work, we treat their fields as classical random variables [20] .
In addition to the Larmor precession of the nuclei, we also account for dephasing of this precession due to microscopic field fluctuations originating from dipole-dipole interactions and quadrupole splittings. To this end, we subdivide each species into subspecies with slightly different precession frequencies ω i = γ i (B ext + δB i ), where γ i is the nuclear gyromagnetic ratio. The field fluctuations δB i are taken from a discretized normal distribution with standard deviation δB loc , and the index i denotes both the nuclear species and the local field value. We find that good convergence is obtained for five bins per species.
We incorporate the above dynamics by writing
where
. Note that the contribution from SO coupling behaves like an additional, static nuclear spin species. During a single LZ sweep, we approximate ∆ as constant because the nuclear spin dynamics are slow compared to the time spent at the crossing. This approximation is justified as long as γ N /γ e B ext ≪ ∆, where γ N and γ e are nuclear and electronic gyromagnetic ratios.
The expectation values over nuclear states of the single shot measurement correlations are given by P S (t) P S (t + δt) = exp − To perform this integration, it is useful to decouple the terms via the T-matrix method [20] . The exponent of the LZ correlations is rewritten as
with z i = x i +iy i , where x and y are normally distributed with unit variance. Diagonalizing the T-matrix, applying the same basis change to the linear terms and integrating over the z i distributions results in
where λ i are the eigenvalues of the T-matrix and theṼ i are the components of the vector V i in the eigenbasis of the T-matrix. A similar, straightforward calculation also reveals a modification of the average flip probability due to averaging over nuclear spin configurations: For Ω = 0, the behavior changes from exponential to algebraic. Fig. 2 shows the correlations for typical experimental parameters and different SO coupling constants Ω = 0. As also seen in equation 3, ∆ oscillates with the Larmor frequency differences ω i − ω j for Ω = 0. In GaAs, the three γ i are approximately equidistant. Therefore, the relative orientations of the three contributions to ∆B ⊥ nuc and thus ∆ return to nearly the same value after one period T ij = 2π (ω i − ω j ) −1 of the slower relative precession, T 75−69 ≈ T 71−69 . Hence, large revivals in the correlations occur at this value of δt. The smaller peaks at δt = T 75−71 result from a partial realignment of these two species only. The envelope decay of the correlations on a time scale of approximately 40 µs arises from nuclear spin dephasing.
As Ω is increased, oscillations at the bare frequencies ω i extending to larger δt start to appear as well. In addition, the large peak around δt = 17 µs splits. Observing these features would represent qualitative evidence for SO coupling. At the same time, the magnitude of the variation in the correlations is reduced.
We now turn to proof of principle experimental results, obtained from the same DQD sample as used in [19] . In all measurements, the sweep range was constrained to keep J (ε) ≫ B nuc to prevent mixing of S and T 0 . As B ext ≫ ∆, the nonlinear sweep and the finite sweep range do not introduce a large error. A measured background reflecting the direct coupling of the gate pulses to the charge sensor used for single shot readout was subtracted from each dataset.
To verify the expected behavior of flip the probability, we measured its dependence on sweep rate and magnetic field, as shown in Fig. 3(a) . The scaling factor used to convert the readout signal to triplet probability was chosen in accordance with the contrast of the (1, 1)-(0, 2) charge transition, taking relaxation during the readout stage into account. The scaling of the x-axis is motivated by the fact that in the experiment the sweeps result in a linear time dependence of ε rather than J (ε). To compute the sweep rate α = dJ /dt = dJ /dε· dε /dt, we employ the phenomenological relation J (ε) = J 0 exp − ε ε0 [21] . At the S-T+ transition, J (ε) = B ext , so that α = B ext 1 ε0 ∆ε ∆t , where ∆t is time taken to sweep detuning by ∆ε. Hence, P S is expected to be a function of ∆t/B ext , independent of B ext . Indeed, the curves for different B ext in Fig. 3(a) collapse reasonably well onto each other. The deviations for slow sweeps may be a result of relaxation. The solid line was obtained from Eq. 4 using Ω = 0 and a value of ∆ 2 /α that is a factor 6 smaller than expected based on measurements of T * 2 , from which N = 2.3 · 10 6 can be extracted [19] . This adjustment was required to obtain adequate agreement with the model, which contains no further free parameters. As can be seen from the relatively large slope at large ∆t, the algebraic dependence obtained from nuclear averaging in equation 4 gives a better overall fit than the exponential LZ formula (dashed line), even if adjusting the scaling factor of the latter.
Guided by these results, we fixed ∆t at 0.3 µs for the correlation measurements discussed next. Initialization-LZ-sweep-readout cycles as shown in Fig. 1(b) were repeated at a rate of 0.5 MHz. Initialization was carried out via a standard procedure through electron exchange with the leads [2] . Readout was accomplished via RF reflectometry of a quantum point contact [15] . Instead of single shot discrimination, we computed the correlations directly from the readout signal, which was averaged over 1 µs in each cycle. Assuming the readout signal is the sum of a contribution from the qubit measurement and noise uncorrelated with the qubit state, this procedure is equivalent to correlating single shot readout values apart from additional noise. Due to the fixed sampling rate, the time resolution was limited to 2 µs.
The data shown in Fig. 3(b) clearly shows the expected oscillations. For fitting our model to the experiment, only an offset of the QPC signal was adjusted individually for each data set. The y-scale was set analogous to Fig. 3(a) . Obtaining good agreement of the magnitude required ∆ 2 /α to be chosen a factor 18 smaller than expected for N = 2.3 · 10 6 unit cells and experimental sweep rates. The δt-dependence is unaffected by this adjustment. Nuclear spin Larmor frequencies were taken from [22] . δB loc determines the time scale of the overall decay and was fixed to 0.33 mT, consistent with earlier measurements [19] . As expected for the low magnetic fields considered here, the effect of SO coupling is negligible. At higher fields, contrast is lost faster than expected from our model, but the time resolution used here also becomes too coarse to resolve the Larmor precession.
The experiments thus confirm the overall picture obtained from our model and the usefulness of single shot correlation measurements. The significant quantitative discrepancy in ∆ 2 /α is not understood, but may at least partly arise from noise and non-uniformity of the sweep resulting from the discrete 1 ns sampling interval of the wave form generator. More detailed measurements would be required to explore these effects. By varying the delay between subsequent pulses instead of using a fixed repetition rate, the time resolution could be improved significantly. This would enable an extension to larger magnetic fields where SO coupling might become important.
In conclusion, we have shown that correlation measurements of Landau-Zener sweeps through the S-T+ transition reveal nuclear spin precession and dephasing. These dynamics are seen in an experimental implementation of the scheme. They imply that the perpendicular component of the Overhauser field cannot be controlled as well as the z-component. Our model indicates that the same measurement technique should be able to qualitatively reveal SO coupling at higher magnetic fields.
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